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Edited by Ned ManteiAbstract L-glutamate not only confers cognitive discrimination
for umami taste in the oral cavity, but also conveys sensory infor-
mation to vagal aﬀerent ﬁbers in the gastric mucosa. We used
RT-PCR, western blotting, and immunohistochemistry to dem-
onstrate that mGluR1 is located in glandular stomach. Double
staining revealed that mGluR1 is found at the apical membrane
of chief cells and possibly in parietal cells. Moreover, a diet with
1% L-glutamate induced changes in the expression of pepsinogen
C mRNA in stomach mucosa. These data suggest that mGluR1
is involved in the gastric phase regulation of protein digestion.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: Stomach; mGluR1; L-glutamate; Chief cells;
Pepsinogen C; Protein digestion1. Introduction
The detection of food in the stomach initiates digestive
responses such as gastric secretion and motility. Traditional
research in this ﬁeld has revealed that gastric secretion is
modulated by food ingredients via hormonal and neuronal
pathways [1,2]. Interestingly, some dietary amino acids modu-
late gastric secretion independently from hormonal and vagal
stimulation [3–6]. Thus, it is reasonable to consider the exis-
tence of direct amino acid sensing pathways for the regulation
of gastric secretion. However, the precise mechanisms, recep-
tors, and molecular processes are still unknown.
L-glutamate, which is a widely distributed amino acid impli-
cated in numerous physiological and metabolic functions [7],
plays a critical role in cell protection and maintenance of tissue
condition in the gastrointestinal (GI) tract, that in turn aﬀects
nutrient absorption [8]. We have recently reported that, in the
lumen of the stomach, L-glutamate increases the electrophysi-
ological ﬁring rate of aﬀerent ﬁbers from the vagus nerve. This
stimulation did not take place with other amino acids and was
mediated by the production of nitric oxide (NO) and serotonin
(5-HT) within the stomach mucosa [9]. Among known taste
receptors, mGluR1 is the only one that, consistently with the
vagus nerve activation, is excitatory, is stimulated only by
L-glutamate, and lacks synergism with inosine-5 0-monophos-
phate (IMP) [10,11]; mGluR5 mRNA was not found to be
expressed in rat stomach mucosa (data not shown). Thus, we
asked whether the glutamate receptor mGluR1 could be iden-*Corresponding author. Fax: +81 44 210 5893.
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puts forward mGluR1 as a recognition site for L-glutamate in
the rat gastric mucosa.2. Materials and methods
2.1. Materials
L-glutamate was produced in Ajinomoto Co. Inc. (Tokyo, Japan).
Casein EM9N was from DMV (Japan) and cellulose TK16 form
Matsutani Chemical (Japan). All primers and probes were synthesized
at Hokkaido System Science (Japan).
2.2. RT-PCR analysis
The whole stomach, including oxyntic and antral mucosa, was har-
vested by scraping the surface, and total RNA extracted according to
the instructions for the ISOGEN reagent kit (Wako, Japan). Taste tis-
sue was from foliate and circumvallate papilla. First-stranded cDNA
was synthesized from 3 lg of total RNA with SuperScript II reverse
transcriptase and 0.08 lg/ll hexamer random primer (Invitrogen
Co.). The sequence for PCR primers of mGluR1, a-gustducin, and
b-actin are reported as supplementary material. The products are ex-
pected to have the following sizes: 1848 bp for rat mGluR1, 754 bp
for rat a-gustducin, and 799 bp for rat b-actin. The reaction was per-
formed with LA Taq polymerase enzyme (Takara Shuzo Co. Ltd.).
PCR products were visualized by UV illumination of a 2% agarose
gel after electrophoretic separation and ethidium bromide staining.
2.3. TaqMan PCR
Real-time mGluR1 cDNA PCR analysis was performed using the
PRISM 7700 sequence detection system (Applied Biosystems) and
the TaqMan Universal PCR Master Mix (Roche Molecular Systems
Inc.) according to the standard curve method. The TaqMan probe con-
tained FAM as the ﬂuorescence reporter dye at the 5 0-end and TAM-
RA as the quencher at the 3 0 region. Transcript levels were calculated
by comparison with a standard curve (r2 = 0.99) to estimate transcript
amounts. The sequences for primers and ﬂuorescent probes are in sup-
plementary material.
2.4. Western blot analysis
Homogenized brain and stomach tissue, resuspended in hot SDS
sample buﬀer containing 1% b-mercaptoethanol, was separated on
8% SDS polyacrylamide gels and transferred to Immobilon-P mem-
brane (Millipore Co., USA). Blocking was carried out with skim milk
in TBST and proteins probed with 1:100 diluted mGluR1 antibody
(Chemicon Intenational, USA). Immunoreactive bands were visualized
with alkaline phosphatase-conjugated goat anti-rabbit IgG using the
Alkaline phosphatase substrate kit IV (Vector laboratories Inc.,
USA). For the blocking experiment, 5 lg/mL of synthetic immuno-
genic peptide (Biotechnology, USA) was preincubated with 1:100
diluted mGluR1 antibody.
2.5. Immunohistochemistry
For the immunohistochemical analysis, rats were perfused under
anesthesia with 4% paraformaldehyde in phosphate buﬀer (Wako,
Japan). The stomach was excised, immersed in the same ﬁxative
for 18 h at 4 C, and then in 30% sucrose buﬀered solution for
cryopreservation for three days at 4 C. Tissue was later embedded intoblished by Elsevier B.V. All rights reserved.
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Co. Ltd, Japan) and cut into 5-lm thick sections. After 1 h with 0.3%
TritonX-100 (Sigma–Aldrich Co.), stomach sections were incubated
for 48 h at 4 C with 1:100 mGluR1 antibody (Chemicon International,
USA) or 1:5000 pepsinogen II (C) antibody (Abcam, UK) in phosphate
buﬀer and 1% normal goat or donkey serum, respectively. The follow-
ing ﬂuorescent dye-conjugated antibodies diluted at 1:400 were used:
Alexa Fluor 488-labeled anti-rabbit IgG, 594-labeled anti-rabbit IgG,
and 488-labeled anti-sheep IgG (Molecular Probes Inc., USA). DAPI
was from Vector laboratories (USA). Immunoreactive cells were visual-
ized using a ﬂuorescence microscope (Zeiss Axioplan II, Germany)
and a confocal microscope LSM 510 (Carl Zeiss, Germany). For
the absorption test, 1:100 dilution mGluR1 antibodies were incubated
with or without synthetic immunogenic peptide (5 lg/mL) for 1 h at
37 C.
2.6. Gene expression analysis
The liquid diet used for this experiment consisted of 17.5% casein
(EM9N) and 2.5% cellulose (TK16) mixed with either 1% L-glutamate
as test or 0.4% NaCl as control. Each group consisted of 20 rats. Three
milliliter of either diet, randomly assigned, were delivered into the stom-
ach of each rat after 4 h fasting. Stomachmucosa was sampled 2 h later,
and RNA extracted for gene expression analysis. Real time PCR was
performed with SYBRGreen PCRMaster Mix (Toyobo, Japan). More
detailed reaction conditions are supplied as supplementary material.
2.7. Statistical analysis
Data are expressed as means ± S.E.M. They were analyzed by Stu-
dent’s t-test and diﬀerences were considered signiﬁcant when P was
<0.05.3. Results
3.1. Gastric mucosal tissue expresses the glutamate receptor
mGluR1
Total RNA from gastric mucosa yielded a product of
1848 bp after RT-PCR (Fig. 1A). Its identity was veriﬁed by
sequence analysis (3100 Genetic analyzer). We used the expres-mGluR1 To
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Fig. 1. Expression of mGluR1 in rat gastric mucosa. (A) RT-PCR analysis of
negative controls (RT-). Brain and taste tissue were positive controls. Amp
stomach and tongue. Eﬃciency of cDNA synthesis was veriﬁed with a-gust
mGluR1 mRNA. Data represent the logarithm of the means ± S.E.M. of br
analysis for mGluR1 in brain (140 kDa) and stomach (90 kDa) without bloc
peptide used as antigen was added (+).sion of a-gustducin as a control for the tongue RNA. This gene
is also expressed in brush cells from the cardiac fold [12] and
fundic glands [13]; for this reason, a-gustducin RT-PCR
revealed a faint band in the gastric mucosa too. To prove
the presence of mGluR1 mRNA in the stomach, we next per-
formed a TaqMan PCR with a ﬂuorescent probe designed to
detect a sequence upstream the transmembrane domain
(Fig. 1B). The mGluR1 expression in taste cells and stomach
mucosa was around a thousand fold lower than in the cerebel-
lum, probably as a reﬂection of the distinct localization of the
receptor in gastric cells. The mGluR1 protein levels were as-
sessed by western blot analysis of stomach tissue and, as posi-
tive control, rat brain. The mGluR1 antibody revealed as
expected a 140 kDa immunoreactive band in the brain, which
was speciﬁcally eliminated after the incubation of mGluR1
antibody with the immunogenic peptide. The gastric lysate
incubated with the same antibody disclosed a band corre-
sponding to a 90 kDa protein. Also this band could be sup-
pressed with the blocking peptide. The 90 kDa product
corresponds to a previously identiﬁed truncated taste type
mGluR1 [10]. We conclude that the immunoreactive mGluR1
protein is also present in the stomach.
3.2. Immunohistochemical characterization of mGluR1 in the rat
stomach glands
Immunoreactivity to mGluR1 was found at the base of stom-
ach glands (Fig. 2A and C). Preincubation of the antiserum
with an excess of synthetic mGluR1 peptide blocked the reac-
tion, demonstrating its speciﬁcity (Fig. 2B). Because the stain-
ing was restricted to middle and deep areas of gastric glands,
we suspected that cells expressing mGluR1 at the luminal site
were chief cells. This was veriﬁed by double-labeling immuno-
ﬂuorescence and confocal microscopy. The signal of pepsino-
gen II (Fig. 2D; green), a marker for chief cells, coincidedmGluR1 expression level
Brain stomach taste bud
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total RNA from stomach. All RT-PCRs were run with their respective
liﬁcation of mGluR1 resulted in a PCR product of 1848 bp in brain,
ducin and b-actin (754 bp and 799 bp respectively). (B) Expression of
ain, stomach and taste bud (n = 5 from each tissue). (C) Immunoblot
king peptide (). The mGluR1 band vanished in both tissues when the
Fig. 2. Detection of mGluR1 by inmunoﬂuorescence. (A) Rat glandular stomach shows the expression of mGluR1 (yellow arrow) at the apical
membrane of cells (green) without immunogenic peptide. (B) Preabsorption of the anti-mGluR1 serum with synthetic mGluR1 immunogenic peptide
blocked the staining along the lumen of gastric glands. (C) Confocal image of mGluR1 (red) located at the lumen of a gastric gland (yellow arrow)
and pepsinogen C (D) (green) in the same section. (E) The merged images show that the immunoreactivity for mGluR1 is marked at the luminal
surface of chief cells.
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E). The merged image demonstrates that mGluR1 is localized
at the apical membrane of chief cells (Fig. 2E).
3.3. Changes in gene expression in rat stomach mucosa with L-
glutamate
The supplementation of a casein liquid diet with 1% L-gluta-
mate induced a decrease in pepsinogen C (1.7 fold) and GIF
(1.5 fold) mRNA values in stomach mucosa compared to the
control diet (0.4% NaCl) 2 h after administration (Table 1).
Other genes that were inﬂuenced by L-glutamate in the stom-
ach mucosa were serotonin receptor 3A (Htr3a), nitric oxide
synthase 3 (Nos3), phospholipase type C-b1 (Plcb2), and tran-Table 1
Transcription level in gastric mucosa with L-glutamate
Gene Control NaCl
(Means ± S.E.M.)
1% L-Glutamate
(Means + S.E.M.)
Pepsinogen C 100 ± 15.84 60.18 ± 8.01**
GIF 100 ± 16.43 65.22 ± 10.46*
GIF, gastric intrinsic factor.
N = 20/group.
*P < 0.05.
**P < 0.01 vs. control.sient receptor potential cation channels, Trpc1 and Trpm5
(data not shown). The last three are all related to the mGluR1
signal transduction cascade. L-glutamate did not induce any
detectable changes in the expression level of mGluR1.4. Discussion
Aﬀerent ﬁbers increased their ﬁring rate when L-glutamate
was infused directly onto the stomach [9,14]. Many receptors
or amino acid transporters could potentially mediate this sen-
sation [5,6,15–17]. However, most of them are either activated
by a wide range of L-amino acids [18,20] or found in the baso-
lateral side [6]. Therefore, none of the receptors described until
now in the stomach mucosa seem to support the speciﬁc per-
ception of glutamate at the lumen.
Taste related molecules, such as a-gustducin [12,13] and bit-
ter receptors [19], have been described along the digestive tract.
In fact, L-glutamate evokes a distinctive taste in the tongue
known as umami. Among the already characterized umami
receptors [11,20–22], the only one that is speciﬁc to L-glutamate
and induces an excitatory signal cascade is mGluR1; mGluR4
causes slow hyperpolarization, and T1R1 + T1R3 is not exclu-
sive and speciﬁc for the perception of L-glutamate in taste cells
[20,23]. Although mGluRs have been already associated with
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tiﬁes mGluR1 in the stomach mucosa. The increase of Ca2+ re-
lease from intracellular stores via phospholipase C and mGluR1
activation [25] could be associated with calcium-dependent NO
production [26]. NOwas found to be necessary for 5-HT release
and consequent vagus nerve stimulation upon L-glutamate
application on stomach lumen [9]. Furthermore, NO synthase
is expressed in chief cells [27,28]. L-glutamate was able to inﬂu-
ence the expression ofNos3 andHtr3a as well as mGluR1 signal
transduction-speciﬁc proteins such as Plcb2 and Trpc1 [29]
in stomach mucosa. Thus, mGluR1 may have some role in
NO release, which we would like to assess in future experiments.
Western blot analysis revealed that the mGluR1 from stom-
ach has a smaller molecular weight than that of the brain form.
This suggests that the gastric receptor could be truncated, as
it is in taste papillae [10]. The size of the truncated mGluR1
is approximately 90 kDa, consistent with the short taste
mGluR1. In this case, the sensitivity of the receptor towards
L-glutamate decreases (data not published), which is in agree-
ment with the fact that L-glutamate concentration in the diet is
considerably higher than in the peri-synaptic region. Immuno-
histochemical analysis demonstrated that the lower region of
oxyntic glands was preferentially stained by mGluR1 anti-
body. Double-labeling and confocal micrographs corrobo-
rated the expression of mGluR1 in chief cells. Receptor
staining was concentrated speciﬁcally at the apical membrane
of chief cells. These results, together with the ability of dietary
L-glutamate to inﬂuence the transcription of pepsinogen II and
GIF mRNA, imply that mGluR1 plays a role in chief cells.
Others have also reported previously that L-glutamate potenti-
ates the eﬀect of pentagrastrin on gastric secretion [4], predict-
ing an eﬀect for this amino acid in the stomach.
Overall, we propose that mGluR1 has a role in protein
digestion during the gastric phase when dietary free L-gluta-
mate is present in the diet. Further studies are required to
determine the speciﬁc physiological role of mGluR1 in this
stomach function.
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